The distribution of uranium in mice following intravenous and intraperitoneal injections of uranyl nitrate and uranyl tricarbonate was studied by autoradiographic and fluorometric methods at different times after administration. The investigations revealed a higher retention of uranium in the spleen and bone than in other organs, including the kidneys.
The distribution of uranium in mice following intravenous and intraperitoneal injections of uranyl nitrate and uranyl tricarbonate was studied by autoradiographic and fluorometric methods at different times after administration. The investigations revealed a higher retention of uranium in the spleen and bone than in other organs, including the kidneys.
We have been able to show that even very small amounts of uranium give rise to ischaemia in the kidney. A higher initial uptake was found in the juxtamedullary zone than in the more peripheral parts of the renal cortex. The retention, however, was higher in the peripheral cortex. This may explain the fact that the first observable damage in the kidney appears in the juxtamedullary zone. The connexion between blood supply and uranium uptake and retention in different zones of the renal cortex is discussed with special regard to the toxicological consequences of uranium incorporation and to the possibility of accelerating the excretion of uranium.
The present investigations were designed to examine the extent to which the distribution of uranium in mammalian organisms is dependent on the mode of administration. The findings will be reported in two papers. Part I, which is presented here, contains autoradiographic and quantitative studies of the uranium distribution in mice following intravenous and intraperitoneal injections of uranyl nitrate and uranyl tricarbonate. In addition, two piglets were used for fluorometric determination of the uranium content of some organs after injection of uranyl tricarbonate into an ear vein. Part II (p. 313, this journal) is concerned with the corresponding distribution pattern following the inhalation of U308 aerosol in mice, and absorption of uranyl acetate through skin incisions in rabbits and pigs. In some experiments on the two lastnamed species chemical agents were used to try to prevent the penetration ofuranium through the skin.
For an appraisal of the risks associated with the handling of uranium, the distribution pattern observed after direct intravenous injections will be of little help unless it can be shown that the relative Uranium incorporated from depots in the lungs and skin always combines, in the body fluids, with proteins (40%) and with bicarbonate in the form of complex anions (Hodge, I956; Dounce, I949) . If there is an excess of bicarbonate ions it is principally uranyl tricarbonate U02(CO3)34-that will be formed (Galkin, Maiorov, and Veryatin, I963) . Absorption from depots in the body is not direct; the uranium, if not already in hexavalent form, first undergoes oxidation and is then complexed with protein and carbonate ions. When carbonate-bound uranium is excreted by the kidneys, a shift takes place in the blood, whereby the ratio of protein-bound to carbonate-bound uranium is maintained. Apparently there is no appreciable tendency towards agglomeration or precipitation in the blood since the uranium disappears rapidly from the blood stream and is taken up, notably by the bones and kidneys, but not on any major scale by the liver; it also appears in the urine. Forty minutes after an intravenous injection, not more than about i % remains in the blood (Hodge, I956) . When uranyl nitrate is injected intravenously, anion formation occurs very swiftly, for no qualitative or quantitative difference can be detected in mice following injection of uranyl nitrate and of uranyl tricarbonate respectively (Table I) . To avoid side effects from the slightly acid uranyl nitrate solutions we have Results (Figs I-3) After 24 hours the concentration of uranium in the blood was low. Accumulations of the isotope were noted in the kidneys, liver, spleen, adrenal cortex, bones, and teeth.
Although the concentrations gradually decreased, radioactivity was still detectable six months after the injection. Of the uptake by soft tissues, that in the spleen seemed to persist the longest.
The highest uranium concentration 24 hours after the injection was found in the renal cortex, particularly in the inner part. However, the concentration fell more rapidly in the inner than in the outer cortical zone. At 30 days the kidneys showed accumulation of radioactivity in a narrow peripheral zone, and at six months only very slight activity remained, with no detectable local accumulation.
The liver was found to have a lower concentration than the renal cortex. Moreover, the radioactivity was not evenly distributed but scattered among numerous discrete areas. The uptake was relatively high at 24 hours, but the concentration then fell rapidly. This initially high uptake could not, however, be verified by quantitative uranium determination in liver tissue.
Radioactivity persisted longer in the spleen than in other soft tissue. The uptake was localized principally in the marginal sinuses. On microautoradiographs of a mouse spleen six months after the injection the uranium was extracellular, in cell debris.
The adrenal cortex had a moderate uptake which was still detectable six months after the injection.
In bone, the uranium was localized in the endosteum and periosteum; and in the teeth it was taken up by newly formed enamel and dentin. A. Distribution of uranium one day after the injection. Note the high concentrations at the cortico-medullary junction of the kidney and the marginal sinuses of the spleen.
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Liver Spleen Kidney B. Distribution after nine days. The activity now appears to be more evenly distributed in the cortex of the kidney. The concentration is substantially lower in the liver than in the spleen and the renal cortex.
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Liver Spleen Kidney Pelvic bone C. Distribution after 30 days. In the kidney, uranium is localized within a narrow zone of the outer cortex. The uranium content fell more rapidly in the kidneys than in the bone and spleen, so that after one or two months the concentrations were approximately equal in the three tissues. At six months, bone and spleen contained higher concentrations than did the kidneys. (Concentrations are averages as the concentration is not uniform throughout a given tissue.)
As a rule, organs from two animals were analysed concurrently under virtually identical conditions. Hence, the variability is consistently smaller for intra-group than for inter-group values.
The natural uranium content of various organs was determined in untreated mice, for which purpose the corresponding organs from IO animals were combined. The recorded values indicated in Table I for liver and kidneys 2I7 days after injection of uranium accordingly are not significantly different from background.
The mean values of the percentage distribution 24 hours after injection were as follows: liver, 2-3%; spleen, o-6%; kidneys, 26%; skeleton, 12%; urine, 46%; faeces, Ip3%.
The uranium distribution in mice is in fairly good agreement with that in piglets. Since, however, we studied only two piglets no detailed comparison is feasible. Table II shows the uranium concentration in piglets one week after injection of i8o ,tg. uranium as uranyl tricarbonate into an ear vein. (Tannenbaum et al., I95 I ). The concentrations recorded by Tannenbaum and his colleagues are somewhat higher than ours for bone tissue, but considerably lower for the spleen. We agree about uranium uptake by the liver, kidneys, urine, and faeces. In our studies, the splenic uptake was initially much lower than the renal, but then gradually approached the mean renal values, so that after two months the spleen and kidney concentrations were approximately equal. At the end of a little more than six months the concentrations in the spleen exceeded those in the kidneys by a factor of I0. In reported experiments on human subjects (Bernard and Struxness, I957), the observed ratio between the kidney and spleen concentration has been approximately the same as that noted by Tannenbaum and his colleagues (I95I) in mice. But tetravalent uranium (UC14), following intravenous injection in humans, accumulated more in the spleen than in other organs (Bernard and Struxness, 1957) . Bernard and Struxness did not, however, report the amounts of uranium injected. Since UC14 is not very soluble in blood, a substantial proportion may be assumed to undergo agglomeration and hence to be more absorbed by reticuloendothelial tissues. Even so, the concentration in the spleen is surprisingly high by comparison with the liver. We can offer no explanation of the discrepancies between our data and previous observations. The autoradiographic findings, however, confirm the relatively high splenic uptake.
The average uranium concentration in the kidney provides little indication of the distribution in that organ. It is evident from autoradiographs of wholebody sections that the cortex appears to accumulate far more uranium than the medulla. Indeed, the difference in this respect becomes more marked as time goes on, since the rate of disappearance after the injection is much faster for the inner parts of the kidney than for the outer cortex.
The distribution of uranium in mouse kidneys that emerges from our autoradiographic investigations closely accords with that found by Tannenbaum and his colleagues (I95 I). It is consistent, moreover, with the localization of renal lesions following injection of natural uranium, as reported by Barnett and Metcalf (I949). Barnett (Trueta, Barclay, Daniel, Franklin, and Prichard, 1947 Uranium is deposited chiefly in the distal portion of the proximal convoluted tubules. Following reabsorption of the carbonate ion the uranium is set free to affix itself to the protein of cells lining the proximal tubule. But since these combinations are reversible (Hodge, 1956 ) the relatively swift release of uranium from the kidneys appears likely to be a washing-out effect due, among other things, to combination of uranium with urea in a soluble complex compound. On this assumption, the effect of such washing-out would depend to a large degree on the volume of fluid passing through the nephron per unit time.
Infusion of NaHCO3 is frequently recommended for the treatment of uranium poisoning (Dounce, 1949; Wills, 1949 Barnett and Metcalf (I949) found the initial lesions in uranium poisoning. We have not studied the effect of such treatment experimentally and cannot therefore verify that NaHCO3 does have this selective effect upon uranium absorbed in the arcuate zone.
The deposition of uranium in the proximal convoluted tubules (due to reabsorption of the carbonate ion) probably competes with the dissolving action of the urine. This is suggested by the observation of Tannenbaum et al. (I95I) (which our results confirm) that when the amount of uranium injected is increased, the renal uptake rises disproportionately. The urine may be assumed to have a limited 'washing-out' capacity. Reabsorption of the carbonate ion and deposition of uranium take place very rapidly.
Working with rats, Jones (I965) did not find higher uranium concentrations in the inner than in the outer cortex but observed that the uranium initially deposited in the proximal convoluted tubules gradually shifted distally. This, indeed, may be expected if the uranium deposited in these tubules is subject to continuous washing-out, throughout which the competition proceeds between soluble uranium complex compounds and deposition of insoluble uranium-protein complex compounds on the walls of the tubules. Jones studied the deposits microscopically and found that the outer cortex contained agglomerates, between which there were areas with lower concentrations of activity. (This finding is corroborated by our microautoradiographic observations in mice.)
With the microautoradiographic technique we have not been able to demonstrate conclusively any specific localization of uranium in the nephron. Twenty-four hours after the injection, uranium is present in some proximal tubules, yet many of them show no trace of activity. Minute amounts may be present in Henle's loops as well as interstitially. The glomeruli, however, apparently are not contaminated.
